In the cytochrome bc1 complex, the swivel motion of the ironsulfur protein (ISP) between two redox sites constitutes a key component of the mechanism that achieves the separation of the two electrons in a substrate molecule at the quinol oxidation (Qo) site. The question remaining is how the motion of ISP is controlled so that only one electron enters the thermodynamically favorable chain via ISP. An analysis of eight structures of mitochondrial bc1 with bound Qo site inhibitors revealed that the presence of inhibitors causes a bidirectional repositioning of the cd1 helix in the cytochrome b subunit. As the cd1 helix forms a major part of the ISP binding crater, any positional shift of this helix modulates the ability of cytochrome b to bind ISP. The analysis also suggests a mechanism for reversal of the ISP fixation when the shape complementarity is significantly reduced after a positional reorientation of the reaction product quinone. The importance of shape complementarity in this mechanism was confirmed by functional studies of bc1 mutants and by a structure determination of the bacterial form of bc1. A mechanism for the high fidelity of the bifurcated electron transfer is proposed.
In the cytochrome bc1 complex, the swivel motion of the ironsulfur protein (ISP) between two redox sites constitutes a key component of the mechanism that achieves the separation of the two electrons in a substrate molecule at the quinol oxidation (Qo) site. The question remaining is how the motion of ISP is controlled so that only one electron enters the thermodynamically favorable chain via ISP. An analysis of eight structures of mitochondrial bc1 with bound Qo site inhibitors revealed that the presence of inhibitors causes a bidirectional repositioning of the cd1 helix in the cytochrome b subunit. As the cd1 helix forms a major part of the ISP binding crater, any positional shift of this helix modulates the ability of cytochrome b to bind ISP. The analysis also suggests a mechanism for reversal of the ISP fixation when the shape complementarity is significantly reduced after a positional reorientation of the reaction product quinone. The importance of shape complementarity in this mechanism was confirmed by functional studies of bc1 mutants and by a structure determination of the bacterial form of bc1. A mechanism for the high fidelity of the bifurcated electron transfer is proposed.
crystal structures ͉ electron transfer ͉ inhibitor binding ͉ mechanism W ithin cellular energy-conserving membranes (the mitochondrial inner membrane in eukaryotes and the plasma membrane in prokaryotes), the only mobile carriers of redox equivalents are ubiquinone (Q), ubiquinol (QH 2 ), and their derivatives. In the cytochrome (cyt) bc 1 complex (cyt bc 1 or bc 1 ) of the respiratory chain, QH 2 is oxidized to Q, and concomitantly, protons are pumped against the gradient across the membrane [from the matrix to the intermembrane space (IMS) in mitochondria and from the cytoplasm to the periplasm in prokaryotes], thus contributing to the electrochemical potential that drives ATP synthesis. The proposed mechanism by which bc 1 performs this dual task, the Q-cycle hypothesis (1) , has been widely accepted; it suggests that for the oxidation of two molecules of QH 2 , one molecule of Q is reduced at separate catalytic sites (Fig. 1A) . According to this mechanism, the Q reduction site is located near the negative side of the membrane (Q i ͞Q n , the mitochondrial matrix or cytoplasmic side) and is electronically linked via two prosthetic groups [high-potential b heme (b H ) and low-potential b heme (b L )] to the quinol oxidation site located close to the positive side of the membrane (Q o ͞Q p , the mitochondrial IMS side or periplasmic side in prokaryotes). At the Q o site, one electron from a substrate enters the energetically favorable path that leads via the iron-sulfur protein (ISP) and cyt c 1 subunit (cyt c 1 ) to the substrate cyt c, whereas the other electron proceeds via the b L and b H heme groups to Q (or semiquinone) bound at the Q i site. The half-reduction of a Q per oxidized quinol is achieved by the bifurcation of the electron pathway at the Q o site. In a complete catalytic cycle, two protons are taken up from the matrix, while the sequential oxidation of two QH 2 molecules releases four protons into the IMS.
Knowledge of the reaction catalyzed by bc 1 on a detailed molecular basis is a prerequisite to an understanding of mitochondrial myopathy and superoxide production (2, 3) , and it forms the foundation on which it is possible to explain the modes of action of numerous antibiotics and fungicides as well as the phenotypes of mutations in cyt b that confer resistance (4, 5) . However, the details of the mechanism that separates the electrons at the Q o site are a subject of much debate (see discussion in ref. 6 and references therein). Historically, the first x-ray structure of mitochondrial bc 1 revealed an unusually long distance (31 Å) between the two-iron, two-sulfur cluster of ISP ([2Fe2S] ) and the heme iron of cyt c 1 (7); this gap is too large for a rapid electron transfer (ET) through space. However, the structure also suggests a solution to this problem: The extrinsic domain of ISP (ISP-ED) exhibited unexpectedly high flexibility, appeared at different locations, and was proposed to perform an oscillatory motion that would bridge the distance between the Q o site and cyt c 1 (7, 8) . Biochemical and genetic studies supported the importance of ISP mobility for the function of bc 1 (9, 10) .
However, the stoichiometric electron separation at the Q o site cannot be achieved with a randomly mobile ISP (11) ; the control of the ISP-ED conformational switch is critical. The fast rate exhibited by photoinduced ET between ISP and cyt c 1 in the presence of myxothiazol precludes a control mechanism within the ISP (12) , and therefore we believe such a mechanism must reside in the cyt b subunit (cyt b). Indeed, the ISP-ED was shown to undergo a binary switch: fixed or mobile conformation; specific yet different types of Q o site inhibitors can induce either state (13) (14) (15) . Here, we present structural and biochemical evidence for an intrasubunit signaling pathway that establishes causality between the binding of an inhibitor and the capture or release of ISP-ED subunit and discuss its implication in the context of the bifurcated ET in a catalytic cycle of bc 1 .
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Results and Discussion
Correlation Between Inhibitor-Induced Conformational Change in Cyt b and the Mobility Switch of ISP. The bovine mitochondrial bc 1 is a dimeric, integral membrane protein complex with 11 different subunits per monomer (7) . Ubiquitously present in all bc 1 complexes from various species are the three prosthetic groupcontaining subunits, cyt b, cyt c 1 , and ISP (Fig. 1B) , which are crucial for the ET and proton translocation function. We cocrystallized bovine bc 1 in the presence of eight Q o site inhibitors; all inhibitor complex crystals have the same symmetry as the native (apo) crystal, and their structures were refined independently starting with the native bc 1 model (Protein Data Bank ID code 1NTZ; see Table 3 (Table 1) , indicating relatively small overall changes of cyt b upon complex formation. However, further analyses of the residues constituting the immediate environment of the inhibitor-binding pocket showed significantly larger rmsds of C ␣ atoms in the range between 0.588 and 1.316 Å. We therefore conclude that this conformational switch seen in the ISP subunit is correlated with structural changes in the immediate environment of the inhibitor-binding pocket.
Interactions Between ISP-ED and Its Docking Site in Cyt b.
To understand the mechanism that controls the switch of ISP-ED conformation, one needs to analyze the forces that hold it in place at the binding site (the ISP docking crater). The ISP assembles into the bc 1 dimer with its N-terminal transmembrane (TM) helix anchored in one monomer, while its C-terminal extrinsic domain interacts with the other (Fig. 1B) . A linker region (residues 62-74), whose flexibility is essential for the electron-shuttling function of ISP (9, 10) , provides the connection between the TM helix and the ISP-ED. The latter binds to the ISP docking crater on cyt b through the small tip area that surrounds the [2Fe2S] cluster and thus forms a part of the Q o site. The total contact area (CA) between the two subunits in the complex is Ϸ350 Å 2 (Table 1) . It is conceivable for energetic reasons that the formation of a large number of strong interactions between the docked ISP and residues in the binding site would be unfavorable for rapid switching of ISP conformational states. Indeed, in the structures where the ISP-ED is in the fixed conformation as seen in the complexes of famoxadone, stigmatellin, JG144, NQNO, or UHDBT, as few as seven hydrogen bonds (H-bonds; see Table 4 , which is published as supporting information on the PNAS web site) are formed between ISP and cyt b. Although two of them are permanent and found in the neck region of ISP in all structures, the remaining five H-bonds form only when the ISP is docked with bonding distances ranging from 2.5 to 3.0 Å. Most notably, the ISP employs only backbone oxygen atoms for nonpermanent H-bonds, suggesting that the docking of ISP is guided to precisely position the head group with respect to the substrate bound in the Q o pocket. The tip of the ISP features a smooth, rigid, and largely hydrophobic surface suited to fit into a well defined docking site. As shown in Table  4 , those nonpermanent H-bonds disappear when azoxystrobin, MOAS, or myxothiazol is bound. Besides the ISP-cyt b Hbonding interactions, inhibitors like stigmatellin and UHDBT form an additional H-bond with the protonated H161 of ISP (Table 4) .
Most residues in cyt b that contribute to the formation of the ISP binding crater are hydrophobic in nature, and only 16 of them have side chains facing the ISP. Of these residues, all but one are located on the CD and EF loops and are highly conserved with a mean identity of Ͼ99% (Fig. 4 , which is published as supporting information on the PNAS web site), a fact that has been known for a long time but had no clear explanation. Of particular interest are those residues on the cd1 helix, which interact with the ISP-ED.
It had been noted (15) that when Pm inhibitors bind, the ISP-ED remains mobile, as evident from the relatively weak anomalous signal of the [2Fe2S] cluster. In contrast, certain Pf inhibitors (stigmatellin and UHDBT) not only immobilized the ISP but also increased its midpoint potential (E m7 ) (19, 20) . Both observations were explained by the formation of a direct H-bond between an oxygen atom of the inhibitor and the protonated H161: a ligand of the [2Fe2S] cluster (8) . Structural studies of a number of bc 1 complexes appear to support this notion (18) . Surprisingly, the bc 1 -famoxadone complex showed the ISP-ED in the same fixed state as observed in the stigmatellin complex, yet there was no direct ISP-inhibitor interaction (14) . That this observation is not a singularity was shown by the structure solution of bc 1 with another oxazolidinedione-based inhibitor, JG144, which once again demonstrated the fixation of the ISP-ED without a direct H-bond between the inhibitor and the ISP (Table 1 and Fig. 5 , which is published as supporting information on the PNAS web site). It is therefore clear that direct H-bonding between ISP and the bound inhibitor may contribute to, but not cause, the conformational fixation of the ISP. Instead, the conformational switch of the ISP is an intrinsic property of the bc 1 complex.
Bidirectional Motion of the cd1 Helix in Response to Binding of Different Types of Inhibitors and Its Function as an ISP Motion Switch.
It was previously observed that the volume of the Q o pocket changes upon binding of inhibitors (14, 21) . From our analysis, this change is due to a large movement of two structural motifs of cyt b, the PEWY motif and the cd1 helix. Inhibitor binding generally causes Pro-270 of the conserved PEWY motif to back away from the Q o pocket by Ͼ1.5 Å in a unidirectional fashion ( Fig. 2A) , whereas the direction in which the cd1 helix moves clearly depends on the type of the inhibitor. Table 1 lists the relative shifts in the C ␣ positions of Ile-146. This residue is of special importance because it is both on the cd1 helix and in contact with all bound inhibitors (15) . Invariably, the inhibitors that are known to promote the mobile state of the ISP-ED cause a negative shift (up to Ϫ0.76 Å), whereas all inhibitors that cause the capture of the ISP at the Q o site lead to a positive displacement (up to ϩ1.7 Å) of Ile-146; here a ϩ or Ϫ sign denotes the direction of the shift relative to the native. More precisely, the positional shifts of the cd1 helix are roughly parallel to the membrane surface; ϩ signifies a displacement of the cd1 helix outward away from the Q o pocket leading to an expanded Q o pocket, and Ϫ indicates a shift inwards. Although only a limited number of residues on the cd1 helix such as G142, A143, L145, and I146 are in contact with Q o pocket inhibitors (15), the entire helix undergoes an inhibitor-type dependent translation that can be as much as 1 Å (C ␣ of S151 in Table 1 ; see also Fig. 2B) .
Based on the direction of the positional shift of I146, we define an ''on'' position of the cd1 helix when class Pf inhibitors are bound and an ''off'' position when class Pm inhibitors are bound (Fig. 2A) . The importance of the cd1 helix in bc 1 function is also manifest in its high degree of sequence conservation that reaches 93.1% identity (averaged over 16 residues) as compared with the neighboring cd2 helix (68.2% for 10 residues) or with the whole subunit (74.6% for 379 residues) based on 5,355 aligned sequences (see Table 5 , which is published as supporting information on the PNAS web site). Some residues on the cd1 helix are particularly well conserved (Fig. 4) ; I146, for example, is 98.7% conserved or 99.5% when similar residue types are included. Two residues on the cd1 helix were subject to extensive mutagenesis studies: S155 of R. sphaeroides (Rsbc 1 ) (22) and G158 of R. capsulatus (23) (S139 and G142 in bovine cyt b, respectively; Fig. 2B ). In both cases, the enzyme activities strongly depend on the size of the substituting amino acid, suggesting that, among other possible explanations, large amino acid substitutions would sterically hinder the free motion of the cd1 helix.
Origin of ISP Binding Affinity: H-Bonding vs. Shape Complementarity.
To measure ISP binding to cyt b, unbiased omit maps were computed and systematically searched for the ISP-ED by using a high-resolution model (24) . The position of ISP-ED that gave the highest linear correlation was used to calculate some of the parameters in Tables 1 and 4 , which provide quantitative measures for binding of ISP and the motion of the cd1 helix. These calculations raise the question as to which mechanism induces this dramatic transition and whether it is possible to trace the signal from the source (the binding of inhibitor to the Q o site) to the target residue(s) that carry out the capture of the ISP-ED. We looked at two possible factors: (i) changes in H-bonding patterns, and (ii) adjustments in van der Waals interactions expressed in changes of surface complementarity (SC). First, the ISP-ED makes five new H-bonds to four cyt b residues when bound to the Q o site. The residue K287 in cyt b, which is doubly H-bonded to ISP and singly H-bonded to S151 (see Fig. 6 , which is published as supporting information on the PNAS web site, and Table 4 ), presents itself as the most likely participant in a mechanism that controls the motion of ISP for the following reasons. Both residues are highly conserved: K287 is nearly 100% conserved, and S151 has 92% identity and 97% similarity (SerϩThr). Furthermore, S151 undergoes significant positional adjustments in response to the displacements experienced by the cd1 helix (Table 1) . It is therefore conceivable that a proper positioning of S151 causes the Lys-Ser (KS) dyad to form. As it happens, K287 is in turn stabilized and able to form two H-bonds with the backbone oxygen atoms of the ISP. This possible mechanism is attractive because it offers a signal amplification effect:
One H-bond forms in the KS dyad, and two H-bonds are formed in turn with the ISP-ED.
Assuming that H-bonding represents a dominant force in ISP fixation and that the role of S151 is to either form or break the interaction with K287, a disruption of the KS dyad would be predicted to have a reduced turnover rate because of imprecise positioning of the ISP-ED. Interestingly, in the WT sequence of Rsbc 1 , a Gly residue (G167) is found at this position (bovine S151; Fig. 4 ). Furthermore, a G167S mutant of Rsbc 1 showed virtually the same activity as the WT enzyme (Table 2) , a result that is against the expectation of an enhanced activity for the mutant.
Although the phenotype of the G167S mutant marginalizes the contribution of the KS dyad to the ISP fixation in certain bacteria, we cannot eliminate certain roles this dyad may play in bc 1 complexes of the vast majority of other species because these bacterial bc 1 may possess some as of yet unknown compensatory structural features. To address this issue, we looked at the crystal structure of the Rsbc 1 recently determined in our laboratory at 3.2-Å resolution. The statistics for the x-ray diffraction data and the model quality are given in Table 3 ; a full account of this work will be given elsewhere (L.E., C.-A.Y., and D.X., unpublished data). Like its mitochondrial counterpart, the Rsbc 1 is a symmetric dimer but contains only four subunits per monomer: cyt b, cyt c 1 , ISP, and subunit IV. The overall structure of the three-subunit Rsbc 1 is similar to the corresponding subunits of mitochondrial bc 1 but differs in a number of insertions and deletions (see Fig. 7A , which is published as supporting information on the PNAS web site). The cyt b structures of mitochondria and R. sphaeroides are superimposable with an rmsd of 0.99 Å for 369 residues (Fig. 7B) . Specific to this work, there is an insertion at the end of the EF loop in the cyt b of Rsbc 1 consisting of a short helix (312-322) and connecting coils (Helix ef1 in Fig. 4 ), which provide a few hydrophobic and electrostatic interactions with the ISP-ED at the tip (Fig. 7C) . It is possible that the ef1 helix in bacterial bc 1 is a functional equivalent of the KS dyad of mitochondrial bc 1 and may serve to control the motion of the ISP subunit. As expected, mutants [S322A and ⌬(309-326) in Table 2 ] designed to remove the ef1 insertion but otherwise keep the enzyme structurally intact significantly reduced the activity of Rsbc 1 . However, the double-mutant enzyme with the The side chains of K287 and S151 are shown in stick models with the dashed lines indicating H-bonds. Hbonds are also formed between K287 and residues from the ISP-ED when the cd1 switch is at the on position (blue model). In the native structure, or in inhibitor structures in which the ISP-ED is in a free or c1-state (8) , no H-bond is formed between K287 and S151 (gray model).
ef1 deletion and the G167S point mutation [⌬(309-326)͞G167S] meant to resemble the mitochondrial bc 1 exhibited only a very low activity. This result suggests that the KS dyad is a consequence of the ISP fixation. Even more convincingly, in the absence of the KS dyad, the two H-bonds between K329 and carbonyl oxygen atoms of T130 and H131 of ISP are formed as seen in the Rsbc 1 structure (see Fig. 8 , which is published as supporting information on the PNAS web site).
Next, we looked at the van der Waals interactions in terms of changes in CA and SC of the surfaces between the cyt b and the ISP-ED in various complexes (Table 1 ). It becomes clear that the changes observed are correlated to the motion of the cd1 helix: As one goes from Pf-to Pm-type inhibitors, there is a significant reduction in the CA and most notably the near-40% loss in SC, Ϸ0.620 for Pf-type and Ϸ0.385 for Pm-type inhibitors, respectively. Because the ISP-ED has shown no sign of internal plasticity, and the cd1 helix is known to undergo a shear motion as inhibitors bind to the Q o site, the change in shape complementarity caused by the cd1 motion represents another possible mechanism that could account for the change in ISP dynamics.
Among the 16 residues in the binding crater that are in direct contact with the fixed ISP, a number of mutants were made, including K329A, and their phenotypes were described (Table 2) . A common characteristic of these mutants is that although they did not interfere with the binding of substrate, the Q o activity was significantly reduced. In the cases of W141, the cyt c͞c 1 reduction kinetics was severely affected. These data support the importance of SC in controlling the motion of ISP.
Control Mechanism of the ISP Conformation Switch and Electron
Bifurcation. We showed experimentally that the inhibitor binding at the Q o site correlates to the direction of the cd1 helix motion, to the change in shape complementarity between ISP-ED and its binding site on cyt b, and to the eventual motion switch of ISP. The flexibility of the ISP-ED has been proven critical for the function of bc 1 , but a bc 1 complex with a randomly mobile ISP-ED does not function either (11) . The key to the bifurcated ET at the Q o site is the control of the ISP mobility. One possible mechanism was to suggest that the ISP-ED oscillates in an optimal frequency range; oscillation mutagenesis in the conserved neck region would change the oscillation frequency and lead to either short-circuit or slow turnover (10) . Here, our results suggest that by modulating the shape of the binding surface, cyt b effectively controls its affinity for the ISP-ED, and thereby the motion of the ISP (Fig. 3) .
To date, quinol (the substrate), semiquinol (the intermediate), or Q (the product) has not been identified experimentally in the Q o pocket of bc 1 . For structural analyses, bc 1 inhibitors were used instead because many of them are structurally and chemically similar to Q, bind to the Q i site in a similar way as Q, and produce similar spectroscopic effects in EPR spectra of reduced ISP (7, 8, 13-15, 18, 29, 30) . Furthermore, mutations in cyt b that render the complex inhibitor resistant frequently cause a penalty in catalytic activity of the enzyme, suggesting that substrate and inhibitors bind in the same pocket (31) . The fact that QH 2 ͞Q has a low binding affinity at the Q o site prompts the speculation that the same mechanism for ISP motion switch observed during the inhibitor binding could be used by the natural substrate to control the motion of the ISP-ED by undergoing a translocation from the distal to the proximal site in the Q o pocket during catalysis (Figs. 1 A and 3) . In summary, the following events in the QH 2 oxidation may take place.
(i) In the absence of any substrate at the Q o site, the ISP-ED is capable of sampling the Q o site frequently. The binding surface on the side of cyt b is in a resting state in a sense that its shape matches that of the ISP-ED sufficiently well to keep it in proximity but not enough to hold it in a fixed conformation. This state is characterized by the ef helix in the ''close'' position and the cd1 helix in the ''rest'' position.
(ii) When a substrate QH 2 molecule enters the catalytic site, it proceeds to the distal part of the Q o pocket. The accommodation of the QH 2 molecule widens the ISP-binding crater by moving the cd1 switch toward the ''on'' position and by pushing the ef helix to the ''open'' position. The reshaping of the ISP-binding site increases its affinity for the ISP-ED to the point of fixation. As a result, a transient cyt b-QH 2 -ISP complex forms, which features an H-bond from H161 of ISP to the substrate. (iii) As the first electron is being transferred to the ISP that remains fixed in place, the second electron in the Q radical has to enter the low-potential chain, a process that likely occurs simultaneously with the first ET and possibly via the residue Y131 that undergoes a large conformational change when bound with UHDBT (15) . The notion of a concerted ET is supported by the inability to detect an ubisemiquinone radical on the EPR time scale and by the observation of simultaneous reduction of the ISP and b L heme in pre-steady-state kinetic analysis of the ET at the Q o site. We speculate that as the second electron moves toward the b H heme, the proton translocation is completed. (iv) The Q molecule exits via the proximal binding site in the Q o pocket; this event would reverse the pressure on the cd1 helix, retract it to the ''off'' position, and cause the release of the ISP-ED. The ef helix stays at the open position until the product exits the Q o pocket. This model of ensuring that the ISP-ED stays fixed at the Q o site until both ET and proton transfer are completed readily explains the high fidelity of the bifurcation of the electron pathway.
Materials and Methods
Crystallization of bc1 with Qo Site Inhibitors and Structure Determination. The preparation of bovine bc 1 complex and its crystallization follow the published procedures (7). Crystals were stable in synchrotron radiation when cryocooled to 100 K, allowing data collection for several hours. Crystallographic treatment including data processing, phasing, structure refinement, and Fourier map calculations are given in ref. 15 . For details on crystallization, structure determination, and purification of Rsbc 1 , see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Structure Alignment and SC Calculation. The available native structure of bc 1 exhibits a Q o site that is free of substrate QH 2 or product Q and thus serves as the reference of the apo enzyme with regard to this catalytic site. C ␣ atoms of residues 3-379 of the respective cyt b subunits of native-and inhibitor-bound structures were superimposed by using the unit-weighted least-squares techniques (32) . The search method to determine orientation and position of the ISP-ED was developed in-house (13) . Calculations of CA and shape complementarity are as described by Lawrence and Coleman (16) .
